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Received 13 January 2006; received in revised form 9 May 2006; accepted 24 May 2006AbstractFor this paper, a physical heat budget model has been implemented using a ﬁne-scale high-resolution meteorological
data set in order to explore the inﬂuence of external factors, such as solar radiation and wind speed on the thermal
regime and, therefore, the ecological dynamics of a shallow coastal ecosystem, Nueva lagoon (Southeast Spain). In
addition, our results reveal that micrometeorological data (recorded with at least a bihourly frequency) are required to
obtain reliable results from such a model. Net radiation accounted on average for around 95% of the non-advective
ﬂuxes and long wave radiation emitted accounted for around 70% of the non-advective losses. Evaporation was also a
considerable component of the energy budget, accounting for about 20% of the total energy losses. In relation to
advective heat ﬂuxes, results from a water budget in Nueva lagoon have shown that groundwater discharge and
irrigation surpluses contributed to the heat storage of Nueva lagoon, whereas the effect of heat advected via rainfall
was negligible.
r 2006 Elsevier GmbH. All rights reserved.
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Temperature of an aquatic ecosystem is a key
parameter of physical water quality because of its
ecological importance, sensitivity to natural and human
factors and inﬂuence on biological, chemical and other
physical properties of the water body (Webb & Zhang,
2004). Fundamentally, the water temperature and
thermal structure of a lake is controlled by ﬂuxes of
heat energy entering and leaving the system. The heat
budget of a lake represents, in synthesis, the exchange of
heat with the surrounding environment and alsoe front matter r 2006 Elsevier GmbH. All rights reserved.
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ess: mrodrod@upo.es (M. Rodrı´guez-Rodrı´guez).provides a picture of the speciﬁc incidence of individual
components on the lake’s hydrodynamics through their
quantitative evaluation. All the results of studies of the
exchange of caloric energy between the atmosphere and
the lake water show that the control of these is decisive
for the hydrodynamic characteristics of the water mass.
The resulting thermal structures, which vary in time and
space in relation to external conditions, are also
extremely important for the chemistry and the biology
of each water body (Ambrosetti, Barbanti, & Sala,
2002).
Saline lakes and coastal lagoons are considered
particularly vulnerable ecosystems to changing hydro-
logical regimes due to climate change or anthropo-
genic water diversions. In the Mediterranean semi-arid
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Fig. 1. Map of the Adra lagoons showing location of the ﬁxed buoy and meteorological station.
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natural lentic ecosystem and provide critical habitat for
endemic and frequently endangered species. Their size
and salinity ﬂuctuate whenever the balance between
hydrological inputs (groundwater discharge, irrigation
surplus and precipitation) and outputs (evaporation and
groundwater recharge) change due to seasonal and
climatic variations or human activities. Our study site,
Nueva lagoon (3.5m maximum depth; 29Ha surface), is
located in Almerı´a, South-eastern Spain, on the Adra
River basin (Fig. 1). It forms part of the Albufera de
Adra Natural Reserve together with Honda lagoon. The
ecological importance of this wetland is revealed by the
presence of signiﬁcant populations of Aphanius iberus,
an endangered endemic ﬁsh species from the Iberian
Peninsula, the worldwide endangered Oxyura leucoce-
phala which nests and winters in the lagoons, and the
threatened species Marmaronetta angustirostris which
occurs as a passage migrant. However, the introduction
of new intensive agricultural techniques (greenhouses) is
changing this scenario, as the Albufera de Adra wetland
bears a marked environmental impact due to lixiviation
of pesticides and fertilizers used in intensive agriculture
through permeable materials.
The area has an annual average temperature of 18 1C,
being the minimum in January (11 1C) and the
maximum in August (26 1C). Many hours of sunshine
and the protection of the surrounding mountains are themain factors involved in the warm average tempera-
tures, which are the highest of the region. The average
annual precipitation amounts to around 400mm, and
presents a typical Mediterranean regime most of the
rainfall occurring during autumn (102mm) and winter
(120mm).
As part of an integrated EU-LIFE project on the
conservation and restoration of the Albufera de Adra
lagoons, a set of high temporal resolution meteorologi-
cal and water temperature measurements were taken in
order to determine the energy balance in Nueva lagoon
during a whole annual period and to describe the
physical environment (and its characteristics time scales)
in which the biological communities develop in this
water body (Moreno-Ostos, 2002).
Energy budgets for coastal wetlands may take into
account the relationship between groundwater (coastal
aquifer) and surface water (coastal lagoon), as ground-
water discharge could signiﬁcantly modify the energy
inputs to the lagoon. In the Adra River delta aquifer
(Fig. 1), part of the groundwater ﬂows to the sea or is
withdrawn by wells, and part is drained by the surface
network (Vallejos, Pulido-Bosch, Martin-Rosales, &
Calvache, 1997). However, in the area where the lagoons
are located (south east border of the aquifer) hydraulic
gradients are so low that little discharge to the sea is
expected. Most of the groundwater ﬂow in that sector
must contribute to the recharge of the lagoons
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Moreno-Ostos, & de Vicente, 2004). There are few
studies analysing the main heat ﬂuxes that inﬂuence the
energy budget of groundwater discharge dominated
wetlands. The objectives of this paper are (i) to model
surface energy ﬂuxes using micrometeorological data in
a coastal lagoon, (ii) to determine the water budget in
the lagoon, in order to estimate advective heat ﬂuxes
(advective gains and losses of heat in association with
water outputs and inputs to the lagoon) and their
contribution to the energy storage and (iii) to examine
the thermal response of the system to diel variations in
meteorological conditions.Materials and methods
Water column temperature was continuously mon-
itored by a thermistors chain encompassing 10 depths
from 0.5 to 2.5m with a constant interval of 20 cm
between sensors. Data were stored in a Squirrel Grant
data logger located in a ﬁxed buoy in the centre of the
lagoon. Simultaneously, meteorological information
was recorded by a Squirrel MiniMet automatic meteor-
ological station located nearby the lagoon shore. Both
thermal and meteorological data were recorded with
bihourly frequency.
The energy budget computed involve the vertical
surface exchange that result from the portioning of
incident solar (short wave) radiation (Qsa), long-wave
radiation absorbed (Qla) and emitted (Qle), sensible heat
ﬂux (Qsh) (a convective energy ﬂux in response to a
temperature gradient) and latent heat ﬂux (Qec) (a
convective energy ﬂux in response to a change of state
among liquid and gas phases). In the present heat
budget, Qec is the energy gained by the lagoon through
condensation (Qec40) or lost by evaporation (Qeco0).
Conductive heat exchange through the lagoon’s bed
(Qhb) was also calculated. Advective heat ﬂuxes con-
sidered in the energy budget were due to precipitation
(Qp), heat ﬂuxes due to irrigation ditches (Qi) and heat
ﬂuxes due to groundwater discharge (Qg). Advective
heat ﬂuxes were calculated at a monthly scale from the
water budget results. Groundwater temperature was
obtained from thermistors installed in a set of piezo-
meters located in the shore of the lagoon (Fig. 1). Heat
ﬂuxes resulting from biological and chemical reactions
were neglected due to morphology of the lagoon and the
time scale under consideration. Total net heat exchange
(Qn), can be expressed as
Qn ¼ Qsa þ Qla  Qle  Qsh  Qec  Qhb
þ Qp þ Qi þ Qg. ð1Þ
Incident solar short-wave radiation (Qsa) absorbed by
the water surface is the region of the spectrum between
0.3 and 3 mm. The main factors affecting this variableare surface albedo and cloud cover, both reducing the
theoretical total incident solar radiation. Bihourly data
of incident short-wave radiation were directly measured
using a radiometer.
Long-wave radiation absorbed by the lagoon (Qla)
comes principally from water vapour, cloud droplets,
carbon dioxide, and ozone. The radiation is a function
of the air temperature and was computed according to
empirical relations:
Qla ¼ ð1 AÞsðTaÞ40. (2)
The above expression is the Stefan–Boltzmann
equation modiﬁed by several environmental factors.
Here A is the albedo, Ta the absolute air temperature
(K), s the Stefan–Boltzmann constant
(5.57 108Wm2K4), and e0 the atmospheric emis-
sivity, a function of the water vapour pressure in the
atmosphere (%) and air temperature, computed follow-
ing Idso (1981).
Bihourly values of long wave radiation emitted from
the lagoon (Qle) were computed taking into account that
water radiates as a grey body rather than as a black one.
Thus,
Qle ¼ sðTwÞ4w, (3)
where emissivity ðÞ ¼ 0:96, and Tw is the absolute
surface water temperature determined at a depth of
0.5m. Therefore, this term can be considered as an
approximation of the lagoon surface temperature, and
this was also used to calculate the surface saturation
water vapour pressure.
Finally, net radiation (Qr) can be obtained as follows:
Qr ¼ Qsa þ Qla  Qle. (4)
The energy used for evaporation/condensation, or
latent heat ﬂux, (Qec) is the result of the heat budget
itself as it measures the energy resulting from evapora-
tion/condensation processes. The sign indicates the
energy transfer, being negative if evaporation predomi-
nates and vice versa. Empirical approximations (Colo-
mer, Roget, & Casamitjana, 1996) were used to compute
this term of the heat budget:
Qec ¼ f eðew  eaÞ. (5)
Here, fe is an empirical transfer function (Armengol et
al., 2000; Colomer & Casamitjana, 1993) based on the
air and water temperatures (K) and the wind speed (u12)
12m above the ground (m s1):
f e ¼ 4:8þ 1:92u12 þ ðTw  TaÞ, (6)
where ew and ea are the partial vapour pressure in the
water and in the atmosphere, respectively, and were
calculated using Richards’ equation from water and air
temperature data (Richards, 1971).
The sensible heat ﬂux (Qsh) is the energy ﬂux resulting
from molecular and turbulent conduction when there is
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empirical relations were used to compute this variable:
Qsh ¼ 0:63 f eðTw  TaÞ, (7)
where the constant 0.63 is the study period average
Bowen’s ratio (mbarK1). Conductive heat exchange
(Qhb) with the lagoon bed was calculated as
Qhb ¼ KTg, (8)
where K is the thermal conductivity of bed material
(Jm1 s1K1), Tg the temperature gradient in bed
material (km1). Sensors were inserted at a depth of c.5
and 30 cm below the lagoon ﬂoor in order to determine
the temperature gradient in the bed material. Results
were then multiplied by the area of the lagoon’s bed and
units were transformed to Wm2, as 1 cal cm2 h1 ¼
4.19 104 Jm2 h1 ¼ 11.63Wm2. Detailed informa-
tion about the aforementioned methodology is available
in the literature (Rodrı´guez-Rodrı´guez, Moreno-Ostos,
de Vicente, Cruz-Pizarro, & Rodrigues, 2004).
Advective energy transport is a function of the water
temperature and the quantity of the water ﬂowing or
falling onto the system. Advective heat ﬂuxes were
obtained at a monthly scale by means of the estimation
of the lagoon’s water budget, given as
DV ¼ P  E þ Si  So þ Gi  Go, (9)
where Gi is groundwater inﬂow (discharge, m
3), Go is
groundwater outﬂow (recharge, deﬁned as entry of
water into the saturated zone, m3), DV is change in
lagoon’s water storage (m3), P is precipitation (direct
precipitation was estimated multiplying P in mm by the
averaged ﬂooded area at each time interval to obtain P,
m3), E is evaporation (m3), Si is surface water inﬂow
(m3) and So is surface water outﬂow (m
3). As the lagoon
is considered as terminal, So cancels out. Surface water
inﬂow has been periodically measured in the irrigation
ditch ﬂowing into the lagoon, and daily evaporation and
precipitation data were obtained from Adra meteorolo-
gical station (3614405200N; 0215903100W, elevation 42m
ASL). Data from this station are public and accessible
through a web-link (www.juntadeandalucia.es).
With the aim to compare evaporation results obtained
with the energy budget methodology, daily evaporation
was also calculated using the Penman (1948) approach,
which combined energy-budget and mass-balance meth-
ods to estimate evaporation from free-water surfaces, as
follows:
E ¼ Rn
D
Dþ gþ Ea
g
Dþ g0 , (10)
where E is the daily evaporation rate (mm day1), D
the slope of the saturation vapour pressure curve at the
air temperature, g the psychrometric constant, and Ea is
the drying power of the air, given as a daily rate(mmday1) by
Ea ¼ f ðuÞðew  eÞ, (11)
where (ew  e) is the saturation deﬁcit, difference
between the saturated (ew) and the actual (e) vapour
pressure (mbars) and f(u), the Penman’s function of
wind (Brutsaert & Stricker, 1979; Vallet-Coulomb,
Legesse, Gasse, Travi, & Chernet, 2001). In order to
obtain relative incidence of advective energy ﬂuxes to
the heat budget, change in storage of thermal energy in
the water column was calculated. The total heat content
(change in storage) of the water column was quantiﬁed
following Eq. (12) (Wetzel & Likens, 1991):
Qt ¼
1
A0
Xzm
z0
tzAzhz, (12)
where Qt is the change in heat content of the lagoon in
J cm2 h1, A0 the lagoon area (cm
2), z0 the surface of
the lagoon, zm the maximum depth, tz the average
temperature in 1C of a unit layer of water of thickness hz
in cm, with the midpoint at depth z, and Az the area at
depth z in cm2. Volume in cm3 was then multiplied
directly by temperature in 1C to obtain caloric content.
The hypsographic curve of Nueva lagoon was used to
obtain Az.
There are many equations available for the estimation
of these heat ﬂuxes, especially for the Qsa, Qec and Qsh
(Henderson-Sellers, 1986); choosing another equation
may easily result in a difference of 20–50Wm2 in the
heat ﬂux estimate (Schmid, Lorke, Wu¨est, Halbwachs,
& Tanyileke, 2003). Nevertheless, the results provided
using these techniques are in accordance with previous
studies developed in other Spanish aquatic ecosystems
(Armengol et al., 2000; Catala´n, 1988; Rodrı´guez-
Rodrı´guez, Moreno-Ostos et al., 2004).Results
Average diel cycles for surface water temperature in
Nueva lagoon and air temperature during winter and
summer (Fig. 2) depict a modest water temperature diel
variation if compared with that of air temperature.
Average daily range for water temperature was 0.59K in
the winter period and 1.82K in the summer period.
Daily ranges for air temperature in winter and summer
were 10.16K. From the obtained results, a relative
insensitivity of water temperature to changes in air
temperature is observed in the lagoon.
A summary of the data recorded over the whole year
(Table 1) shows that the variation of surface water
temperature in the lagoon was much lower than that of
air temperature. Mean water temperature was higher
(about 0.73K) than mean air temperature in winter,
spring and autumn and about 1.5K lower in summer.
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presented in Table 2. Relative humidity was high during
the whole year (about 70% on average). Average wind
velocity was higher in winter (42m s1) and did not
descend below 1m s1 during the rest of the year.
Nueva lagoon received an average solar radiation of
190Wm2 during 2003, being higher in summer
(291.2Wm2) and lower in winter (126.6Wm2).
Seasonal averages for non-advective heat ﬂuxes
obtained in Nueva lagoon during the study period are
shown in Table 3. It can be observed that annual
averaged radiative ﬂuxes are the most important
components of the heat budget. The overall effect of
non-advective radiative ﬂuxes is to add heat energy to
the lagoon, although this phenomenon is more pro-
nounced in summer.
Convection (Qec and Qsh) and conduction (Qhb) are,
on an annual scale, major sinks of thermal energy of theFig. 2. Average diel cycles of air and water temperature in
winter and summer.
Table 1. Air and water temperature (K) in Nueva lagoon in winte
Winter Spring
Air Water Air Wat
Maximum 297.11 290.01 306.16 299.
Mean 285.85 286.58 290.65 291.
Minimum 278.91 283.41 281.46 283.
n 639 1066system. The data shown in Table 3 reveal that net global
balance of non-advective heat ﬂuxes is negative
(2.3Wm2), although changes in the storage of
thermal energy are not observed on an annual basis.
Compensation of the energy balance could be caused by
advective heat ﬂuxes, mostly groundwater discharge and
inﬂow from irrigation ditches, as will be discussed later.
The Penman (1948) combination approach provides
an annual evaporation rate of 1239.6mm (Table 3),
whereas the heat budget leads to an annual evaporation
rate of 1226.1mm.
The percentage gain and losses (component) and
duration (fraction of the year) of non-advective heat
energy in the study site are detailed in Table 4.
Radiation was the major input, and accounted for
494% of the total non-advective energy gains. Con-
densation and bed conduction from the lagoon’s ﬂoor
were minor inputs, both totalizing less than 0.5% of the
total non-advective energy inputs. Nevertheless, some
gain in heat was computed as a result of condensation.
Signiﬁcant amounts of heat energy were added to the
lagoon by sensible transfer, especially on the summer
period, although total contribution on the heat budget
was less than 2%. The average sensible heat gain was
greater in both absolute and percentage terms for the
summer period, when the cooling inﬂuence of ground-
water ﬂow was more intense and air temperature was
higher than water temperature.
Heat losses from the lagoon were dominated by
radiative ﬂuxes. Evaporative losses were constant
throughout the year (93% of the time of the year),
enhanced by windy conditions. Energy losses from the
lagoon’s ﬂoor through conduction were not a very
signiﬁcant form of non-advective output in the study
site.
Transfer of energy by advective ﬂuxes to the lagoon is
produced mainly by direct rainfall and water inﬂows to
the system, via surface (irrigation surplus) or ground-
water discharge. As can be seen in Fig. 3, groundwater
discharge is a major component of the water budget in
Nueva lagoon. The results obtained from piezometric
measurements around the shore of the lagoons suggest a
particular behaviour of the Adra River Delta aquifer in
the sector in which the lagoons are located. Ground-
water discharge from the aquifer is produced mainly tor, spring, summer and autumn, 2003
Summer Autumn
er Air Water Air Water
61 315.50 305.41 311.31 303.54
64 302.39 300.94 294.41 295.21
64 288.31 297.26 281.16 288.71
1103 1103
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Table 2. Meteorological variables involved in the heat budget during year 2003 (For abbreviations see Materials and methods)
Season Rh (%) s U2 (m s
1) s Qs (Wm
2) s
Winter 64.0 11.0 1.9 1.0 126.6 194.3
Spring 70.2 6.8 1.8 0.8 274.3 326.6
Summer 70.9 6.2 1.3 0.5 291.2 300.8
Autumn 68.1 7.8 1.8 0.7 106.3 168.4
Number of data for each seasonal average 150–372 150–372 150–372
Table 3. Monthly averages of non-advective heat ﬂuxes and evaporation rates obtained from the energy balance and the Penman
equation (For abbreviations see Materials and methods)
Season Qsa (Wm
2) Qla (Wm
2) Qle (Wm
2) Qsh (Wm
2) Qhb (Wm
2) Qec (Wm
2) Evaporation rate (mm)
Energy balance (Qec) Penman
Winter 107.7 250.6 280.0 4.3 1.8 56.4 179.7 207.6
Spring 233.1 278.0 319.0 26.0 3.6 113.7 361.5 408.6
Summer 213.5 294.5 346.0 27.0 2.2 133.3 423.4 430.8
Autumn 90.3 257.4 317.0 21.0 1.4 82.2 261.5 192.6
Year 161.2 270.1 315.5 19.6 2.2 96.4 1226.1 1239.6
Table 4. Average percentage gain and losses and fraction of
the year for non-advective heat ﬂuxes during the study period
Component Component (%) Fraction year (%)
Gains
Radiation 94.76 51.25
Condensation 0.29 6.86
Sensible heat 4.78 34.64
Bed conduction 0.18 0.58
Losses
Radiation 71.06 48.75
Evaporation 21.05 93.14
Sensible heat 5.38 65.36
Bed conduction 2.51 99.42
M. Rodrı´guez-Rodrı´guez, E. Moreno-Ostos / Limnologica 36 (2006) 217–227222the sea through the coastal border. Nevertheless,
hydraulic gradients measured in piezometers around
the lagoons are so small that little discharge is expected
to occur to the sea.
The incidence of the hydrological regime to the heat
storage in Nueva lagoon can be characterized by
computing contributions of advective heat ﬂuxes to the
total energy content in the lagoon. The percentage
contribution of rainfall, groundwater, and ditch inputs
to the heat storage of Nueva lagoon is listed in Table 5.
The contribution of each component is presented for
winter, spring, summer and autumn 2003 in order to
analyse seasonal patterns. The stored energy evolution
in the lagoon was obtained from the thermistors chain
bihourly data multiplied by the volume of eachhorizontal layer to obtain total caloric content in the
water column. A difference in the heat storage of
approximately 18810 Jm2 104 was observed between
summer and winter in Nueva lagoon, being the
minimum registered at 10.00 h on 1 February and the
maximum registered at 18.00 h on 15 August 2003.
Average heat content in the lagoon was
20381 Jm2 104. In addition, no change in heat
storage was observed from 1 January 2003 to 31
December 2003.
The amount of heat added by rainfall falling onto the
water surface was small. On an annual scale, average
heat contribution by rainfall was 2%. Groundwater
inﬂow contributes more signiﬁcantly to the heat storage
of the lagoon, this inﬂuence being more pronounced in
the summer period when hydraulic gradients were
higher. In this situation, groundwater discharge from
the Delta of Adra River aquifer to the Mediterranean
sea must be extremely small in that sector of the aquifer,
and the lagoon may behave as a groundwater sink, this
process induced by high evaporation rates (159mm
month1 in August 2003). Heat added by irrigation
surplus was small in winter, but relatively constant in
spring, summer and autumn.
In relation to the thermal response of the lagoon to
the diel variations in meteorological conditions and the
resulting energy budget, three thermal phases have been
deﬁned: pre-stratiﬁcation (from January to June),
stratiﬁcation (from July to August) and post-stratiﬁca-
tion/overturn (from September to December). Fig. 4
shows daily variations in non-advective energy ﬂuxes,
energy stored, water-column temperature, wind speed
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Table 5. Average heat content of the Lagoon and percentage contribution of advective heat ﬂuxes to the heat budget in winter,
spring, summer and autumn, 2003
Season Total energy in lake (Jm2) Groundwater contribution Rainfall contribution Ditch contribution
Winter 1.18 108 1.43 3.65 2.32
Spring 1.87 108 6.28 1.90 6.91
Summer 2.70 108 5.23 0.00 6.79
Autumn 2.07 108 8.82 4.33 6.51
Fig. 3. Water balance in Nueva lagoon.
Fig. 4. Time series of energy balance data and energy stored (Wm2), water column temperature (1C), left axis, wind speed (m s1)
and precipitation (mm), right axis. From (A) 15–20 March; (B) 15–20 July and (C) 15–20 October 2003. (Qr – net radiation; Qec –
latent heat ﬂux; Qsh – sensible heat ﬂux; Qt – change in heat content).
M. Rodrı´guez-Rodrı´guez, E. Moreno-Ostos / Limnologica 36 (2006) 217–227 223and precipitation. Five-day periods have been selected in
order to examine daily changes in each of the three
thermal phases established.During the pre-stratiﬁcation phase, rainfall episodes
could lead to a decrease of the air temperature and,
consequently, to a reduction on the temperature of the
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Fig. 5. Average diel variation of non-advective heat ﬂuxes in winter, spring, summer and autumn, 2003, in Nueva lagoon.
M. Rodrı´guez-Rodrı´guez, E. Moreno-Ostos / Limnologica 36 (2006) 217–227224water column of more than 3K during a 24-h period, as
can be observed in Fig. 4A. Heat ﬂux due to net
radiation shows a strong periodic variation, affecting
the changes in storage of thermal energy. Minimum
night-time radiative ﬂuxes remain fairly constant during
the pre-stratiﬁcation phase. In cloudy and windy periods
the lagoon could lose thermal energy during the whole
day (Fig. 4A, see 17 March). Diel cooling and heating
effects of the upper layers of Nueva lagoon were
observed during the stratiﬁcation period (Fig. 4B). As
a consequence, a secondary shallow thermocline appears
from 10.00 to 14.00 h almost every day, contributing to
daily increments of the water column stability in the
system. From 16 to 20 July, both gains and losses of
thermal energy from net radiation were higher than that
obtained in the pre-stratiﬁcation period, +600 and
180Wm2, respectively. The consequence of the net
energy exchange within the lagoon ﬂoor resulted in
changes in the heat energy storage which ﬁts a sinusoidal
curve. On a daily basis, the system was losing energy to
the atmosphere during night and early morning and
gaining thermal energy during the sunlight period of the
day.
Average wind-speed during the post-stratiﬁcation
period was 2.5m s1 with maximum values rising above
10m s1 (14.00 h on 18 and 19 October) Fig. 4C. Themixing effect of the wind on the lagoon is evident from
the data obtained, so wind speed is the main factor
involved in mixing processes in water surfaces. Heat
gains from net radiation were also appreciably lower,
maximum midday values ranging from 480 to
200Wm2. Diel evolution of water column temperature
during this phase was very homogeneous.
Average diel variation of non-advective heat ﬂuxes in
winter, spring, summer and autumn are depicted in Fig.
5. The net radiation changed from negative to positive
values at 6.30 h in summer, whereas this change occurs
at 9.30 h in winter. Change of net radiation from
positive to negative values occurred at 18.00 h in
summer and at 17.00 h in winter. Evaporative heat
ﬂuxes also showed a diel cycle, with maximum losses in
the middle of the day. Conditions that promoted heat
gain by condensation during short periods in the early
morning and evening are not represented in Fig. 5,
although they were occasionally detected during the
study period. The diel changes of sensible heat ﬂux have
a similar pattern of values rising to a peak in the middle
of the day although differences within the different
seasons where produced. The seasonal diel variation of
bed conduction ranged from 1 to 3.5Wm2. The
variation in the course of 24-h periods was not very
strong.
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Fig. 6. (A) Overall energy balance (Wm2) and (B) energy storage (Jm2) for the study period. (Qr – net radiation; Qsh – sensible
heat ﬂux; Qec – letent heat ﬂux, Qhb – conductive heat exchange).
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storage evolution in Nueva lagoon for the study period
is shown in Fig. 6. Drastic reductions in energy stored in
the lagoon are related to rainfall episodes. Groundwater
discharge associated with rainfall episodes is the source
of colder water to the system cooling the water column.
Energy storage reﬂects diel variations, but also an
annual pattern, similar to that of net radiation absorbed
or emitted by the lagoon, although with a delay of 2
months.Discussion and conclusions
Temporal variability and the lack of prediction
constitute common characteristics in the limnological
dynamics of Mediterranean shallow lakes (Be´cares, Conty,
Rodrı´guez-Villafan˜e, & Blanco, 2004). In spite of that,
there are only few studies using high temporal resolution
physical and meteorological records to analyse the
development of heat ﬂuxes and energy storage in this
kind of ecosystems, and they use to concentrate just in
relatively short-term periods (A`lvarez-Cobelas, Velasco,
Valladolid, Baltana´s, & Rojo, 2005). The same scenario is
found for temperate lakes research: Although there are
some papers in the literature reporting heat budgets based
on seasonal (Schmid et al., 2003) or even diel observations(Frempong, 1983), the use of high-resolution data to
calculate heat budgets is typically restricted to short-term
limnological experiments, ranging their extent from a few
days to some months (Chubarenko & Hutter, 2005;
MacIntyre, Romero, & Kling, 2002; Monismith, Imberger,
& Morison, 1990). In Spain, a study by the authors on a
high mountain lagoon (La Caldera, Sierra Nevada),
where groundwater is a minor component of the water
budget, revealed that short-wave radiation, long-wave
radiation absorbed, long-wave radiation emitted, eva-
poration/condensation and sensible heat ﬂuxes contrib-
uted on average 40%, 34%, 33.5%, 36% and 28%,
respectively, to non-advective heat budget. The measuring
period (74 days) takes a complete ice-free episode
(Rodrı´guez-Rodrı´guez, Moreno-Ostos et al., 2004).
The present study presents reliable and detailed
results on the diel and seasonal variability of the heat
budget components based on a long (a whole year
period) and highly resolved meteorological and physical
record in a Mediterranean lagoon, stepping ahead in the
necessity to integrate more adequate and realistic
temporal scales in the analysis and study of physical
processes in freshwater ecosystems (Harris, 1987).
Our results have revealed considerable ﬂuctuations in
heat energy between and within days and the inﬂuence
of groundwater discharge on the heat budget in Nueva
lagoon along the whole 2003 annual cycle.
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exhibited a typical pattern common to many Mediter-
ranean shallow coastal lagoons (Cruz-San Julia´n &
Benavente, 1996). In addition, groundwater discharge to
the lagoon was found to be a major factor inﬂuencing
both the water and the heat budgets (Hermans, 1999;
Rodrı´guez-Rodrı´guez, 2002).
Consideration of the data collected at 2 h intervals
reveals that the non-advective ﬂuxes affecting the study
site had a wide range of variation within the study
period. Many of the main heat ﬂuxes have a systematic
diel ﬂuctuation, whereas only heat gain due to radiation
has also an annual ﬂuctuation with a summer max-
imum. Besides, net radiation is a source of energy during
the daylight hours, but is responsible for heat loss
during the night-time when short-wave inputs from the
sun ceases and back radiation of long-wave energy from
the water surface dominates.
Heat ﬂux due to evaporation also shows a diel cycle
with maximum losses in the midday and early after-
noon. Heat loss due to evaporation is reduced at nigh
time. Diel changes of sensible heat ﬂux are different
within different seasons, but also exhibited a similar
pattern, with values rising to a peak in the middle of the
day. Changes in heat ﬂuxes through bed conduction
show little variations at a daily scale. This is a minor
component of the heat budget as the lagoon ﬂoor is
totally covered with submersed vegetation, and this acts
to reduce bed conduction.
In terms of advective heat ﬂuxes, the minor role of
precipitation conﬁrmed results gathered in water courses
(Webb & Zhang, 1999). Energy advected due to
groundwater and irrigation surplus was a much more
constant and signiﬁcant source of heat in Nueva lagoon.
No loss of groundwater to the Mediterranean Sea was
recorded in the lagoon; this situation conﬁrmed the
result obtained in previous studies on the water budget
in this system (Hermans, 1999). Although groundwater
contributes heat to the lagoon in both winter and
summer, temperature differences between inﬂows and
the lagoon water column reveal that this input has a
warming effect in winter but a cooling one in summer.
Previous studies developed on Nueva lagoon have
revealed a marked dependency of plankton dynamics
and biogeochemical processes on the water column
physical conditions (i.e. heat content, turbulence,
thermal stability), and pointed out to the necessity of
improving the temporal resolution of physical and
meteorological records in order to obtain a more
accurate picture of the physical, chemical and biological
coupling in this lagoon (De Vicente, 2004; Moreno-
Ostos, 2002).
In the case of Nueva lagoon, and generalizing to other
systems, diel energy ﬂuxes from and to the water surface
determine the thermal/density stratiﬁcation, which is
among the main factors controlling plankton dynamics.It is clear that the precise knowledge of the temporal
scales governing the physical processes in every aquatic
ecosystem is of major importance to the proper under-
standing of the physical–biological coupling and its
relevance for the ecosystem structure and dynamics
(Legendre & Demers, 1984). In this sense, the study of
temporal scales governing different physical processes is
essential.
The ﬁndings presented herein have the potential to
inform biological studies on Mediterranean shallow
lakes by providing an insight into the key physical
factors driving the heat ﬂuxes and water column thermal
characteristics. As our results reveal, heat exchange in
Mediterranean shallow water bodies constitute a very
dynamic process which varies at very short time scales.
As a consequence, implementing this kind of physical
modelling in such ecosystems requires high-resolution
monitoring providing with, at least, bihourly records. In
agreement with Hannah, Malcolm, Soulsby, & Young-
son (2004) such physical processes understanding is
fundamental to accurate prediction and wider general-
ization about Mediterranean shallow lakes thermal
behaviour and, hence, biological response under scenar-
ios of hydrological and/or climate change.Acknowledgements
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